Abstract Using an uncertainty paradigm and functional magnetic resonance imaging (fMRI) we studied the effect of nonspatial selective and divided visual attention on the activity of specific areas of human extrastriate visual cortex. The stimuli were single ovals that differed from an implicit standard oval in either colour or width. The subjects' task was to classify the current stimulus as one of two possible alternatives per stimulus dimension.
Introduction
Human visual cortex contains various areas that are specialised in the processing of certain aspects of visual information, like colour sensitive area V4 (e.g., Bartels and Zeki 2000) or shape sensitive area LOC (lateral occipital complex) (Malach et al. 1995; Kanwisher 2000, 2001; Grill-Spector et al. 2001; Lerner et al. 2001) . During each fixation period, countless bits of visual information fall on the retina, exceeding that which can be processed extensively by the brain. To select among these different sources of information, we rely on attention to direct our processing resources to behaviourally relevant features of visual scenes. Among these attentional selection mechanisms are selective and divided attention: during selective attention, only one channel of information is attended, whereas during divided attention, at least two different channels are monitored simultaneously. In the special case of nonspatial attention, the different features that can be attended to are that of one single object, so that spatial position is not one of the critical features and attention is always allocated to the same region within the visual field.
There is accumulating evidence suggesting that the exact pattern of cortical activation varies depending on which features subjects selectively attend to during a discrimination task. For example, Huk and Heeger (2000) found increased activity in motion sensitive area MT+ when subjects had to perform speed discriminations compared to when they had to discriminate different contrasts. In a positron emission tomography (PET) study, Corbetta et al. (1990 Corbetta et al. ( , 1991 showed that dependent on the attended stimulus feature (colour, shape or speed) different extrastriate visual areas become activated and that dependent on the kind of attentional mechanism (selective or divided) different parts of the frontal lobes and the basal ganglia are active. One problem in that study is that while the subjects were instructed to attend to subtle changes in one stimulus feature, the other two features could change as well and it remains controversial as to what extent the subjects ignored these irrelevant stimulus changes. Le et al. (1998) measured blood oxygenation level dependent (BOLD) responses during sustained or alternately shifted attention to the colour or shape of foveally presented stimuli. They found evidence for feature-specific activations in occipital and temporal visual areas and greater activity in the posterior superior parietal lobule, cuneus, precuneus and different parts of the cerebellum during shifts of attention than during sustained attention. However, they measured cortical activity only in the posterior half of the brain, so that nothing could be inferred about the involvement of prefrontal areas in the attentional control system. With respect to the investigation of the effects of attentional selection on featurespecific activations, the use of large stimulus differences (red vs. green, circle vs. square) is problematic, since several psychophysical studies showed larger attentional effects for near-threshold discriminations (e.g., Vogels et al. 1988; Blanco and Soto 2002) . Furthermore, the large stimulus differences by themselves might, at least partially, explain differential cortical activations.
Simultaneous discrimination of stimuli that can differ along one or another dimension has been used in psychophysics to explore the independence of visual processing, for example in experiments concerning visual dimension weighting (e.g., Weidner et al. 2002) . One paradigm used to investigate this question has been referred to as stimulus uncertainty (Tanner 1956; Sperling 1986) . For the case of the colour and shape of a given object, it has been shown that judgements about variations can be made independently when the differences are large and the observer has prior information about which dimension should be judged (see Treisman 1986) . What happens when the differences to be discriminated are small and the observer is uncertain about which dimension will change? In the stimulus uncertainty paradigm, observers have to allocate their attentional resources across at least two different stimulus features. Owing to the effects of internal noise, uncertainty has been shown to increase discrimination thresholds in detection and discrimination tasks Magnussen and Greenlee 1997; Thomas and Olzak 1996; Graham 1989; Pelli 1985) .
In our study, we employed an uncertainty paradigm and functional magnetic resonance imaging (fMRI) in order to examine whether there are differences in cortical activity that are solely attributable to differential shifts of nonspatial selective visual attention to selected features of an object. More precisely, we looked for changes in the BOLD signal of specialised areas of human extrastriate visual cortex that are known to be more sensitive either to the colour or shape of objects. If there are differences, then the signal should be stronger when the respective stimulus feature is attended to. Additionally, we explored if there are any differences in brain activity between selective and divided attention, presumably in areas belonging to the so-called ''frontoparietal attention network'' that are known to be related to attentional and working memory processes, like posterior parietal and lateral prefrontal cortex. We expect the neural activity to be higher during divided attention, since here the demand on attentional and working memory processes is higher than during selective attention.
Methods

Subjects
Four female and two male students, aged 24 to 26 years, participated in this study after providing written informed consent. All of them are right-handed and have normal or corrected-to-normal (with contact lenses) visual acuity. Their colour vision was tested before the experiment with test plates no. 1-25 of ''Ishihara's tests for colour-blindness'' (Ishihara 1982 ) and all subjects gave 100% correct answers, indicating normal colour vision.
Stimuli and task paradigms
The stimulus was an oval of fixed height (4.38°visual angle) and luminance (50 cd/m 2 ). In each trial, the presented oval differed slightly from an implicit, but never shown, standard oval in either colour (hue) or shape (width) by an individually adjusted fixed amount. See Morgan et al. (2000) for the general usefulness of an implicit standard instead of an explicitly presented reference stimulus in visual discrimination experiments. We decided to use an implicit standard since this allows us to just present the target stimulus that has to be judged by the subject and to measure the BOLD response to this stimulus without possible interferences with the response to an explicitly shown reference stimulus.
The stimulus colour was specified in CIE xyY coordinates (CIE Proceedings 1932). The implicit standard was pink in appearance with the coordinates 0.43, 0.224, 50. The two different alternatives were either bluer or redder, where the extent of the difference between these two alternatives was individually adjusted in order to make the difficulty level comparable for each subject. The individual differences ranged from 0.017 to 0.059 in the x value and from 0.008 to 0.028 in the y value. The shape of the standard oval was set at a height of 4.38°a nd a width of 3.09°visual angle. Increasing or decreasing the width of the oval by a small amount specified the shape of the actual stimulus presented to the subject. The extent of the difference between the two alternatives was again individually adjusted and ranged from 0.09°to 0.26°. Figure 1 shows exaggerated examples of the two possible alternatives per stimulus dimension. Each stimulus was presented against a dark background for 250 ms. The dark background was 13.13°wide by 8.75°high and framed by a thin (width=2.19°), white (xyY=0.27, 0.28, 75) border.
The task of the observer was to classify the actual stimulus as one of two alternatives per stimulus dimension. There were three different experimental conditions: Two certainty conditions (one for colour and one for shape), in which the subjects knew on which dimension the deviation would occur, and one uncertainty condition, in which colour and shape deviations were randomly intermixed from trial to trial, so that the subjects had no previous knowledge about the varied stimulus feature. The stimulus differences were small enough that accuracy was less than perfect, i.e. discrimination performance was noise limited.
In the colour-certainty condition, the subjects indicated whether the stimulus was bluer (response=1) or redder (response=2) than the standard, while in the shape-certainty condition, the subjects indicated whether the stimulus was narrower (response=1) or wider (response=2). In the uncertainty condition, the subjects again gave a single response on each trial: he or she pressed button 1 if the stimulus was judged bluer or narrower than the standard, button 2 if the stimulus was judged redder or wider. Note that the relationships between stimulus and response are the same in certainty and uncertainty conditions. We decided to employ this singlestimulus single-response procedure with two response alternatives, since it was best suited for the application in the MR scanner. Because of the spatial circumstances in the MR scanner and the technical requirements demanding rapid trial sequences, the subjects only responded with two fingers of one hand. The response interval (1 s) was adjusted to require a speeded response.
In all conditions, a central white fixation point was displayed between stimulus presentations. After each response, feedback indicating whether the response was correct or incorrect was given via a brief (250 ms) colour change of the fixation point (green = correct, red = incorrect). This feedback was given in order to keep the subjects' performance at the previously trained level and to assure that they generally performed on their best achievable level and thereby concentrated on the respective stimulus feature that had to be monitored. The trial-to-trial interval was 2 s. Figure 2 shows a schematic illustration of the experiment's time course.
Before the main experiment, each subject was run in several sessions in the psychophysics laboratory. These sessions were part of the study by Vallines et al. (2001) and accomplished two goals: (1) to select individual deviation values (between stimulus alternatives) by measuring the psychometric functions, relating deviation magnitude to percentage of correct answers, for each subject in order to adjust the difficulty level so that it was the same for all subjects; (2) to train the subjects in the tasks that they would perform in the MR scanner. The individual deviation values were achieved by letting the subjects perform the task under the two certainty conditions while varying the extent of the differences between the two stimulus alternatives for each dimension (colour and shape). Then the observed performance data for the various difference values (deltas) were fitted with the Weibull model and for each subject and each stimulus dimension a certain delta value was chosen such that it yielded a performance level of about 90% correct answers.
Procedure
The subjects lay supine within the MR scanner. A mirror was mounted above the head coil through which they looked out of the foot end of the scanner bore, where a rear projection screen was placed on which the stimuli were presented with an LCD projector (D-ILA Projector, DLA-G10; JVC, Yokohama, Japan). The RGB voltage-luminance functions of the projector were calibrated with a spectral photometer. The stimuli were generated with a VSG graphics card (Cambridge Research Systems Ltd., Rochester, UK), which was also used for response acquisition. The subjects responded as described above with an optical response box (Cambridge Research Systems Ltd.) . This response box is made entirely of plastic materials and a fibre-optic cable in order to avoid artefacts caused by current flows within the magnetic field. It was placed on the right hand for each subject.
Measurements within the scanner were blocked into six runs (two per experimental condition), each consisting of nine successive 1-min segments (block-design). Five of the segments were rest conditions in which the stimulus field was blank except for a fixation point at the centre. Alternating with the rest segments were wider bluer implicit standard redder narrower Fig. 1 The implicit standard stimulus and exaggerated examples of the four different stimulus alternatives. One alternative was presented centrally on each trial judgement segments in which one stimulus was presented every 2 s. The experimental condition remained the same within each run and right before the beginning of a new run, the subject was told verbally which condition would come next. The order of the different conditions was colour-certainty, shape-certainty, uncertainty, uncertainty, shape-certainty and colour-certainty (A-B-C-C-B-A) (see Fig. 2 ).
MRI data acquisition
The MR scanner used for this experiment is a 1.5 Tesla whole body Siemens Vision Magnetom. Every 6 s [= time to repeat (TR)] one functional whole-brain T 2 *-weighted gradient echo planar imaging (EPI) scan was carried out (time to echo (TE)=60 ms; flip angle a=90°), each consisting of 32 contiguous slices (no gap) parallel to the anterior commissure-posterior commissure (AC-PC) plane with each slice being 64·64 voxels and a voxel size of 3·3·3 mm. Following the six experimental runs, an anatomical T 1 -weighted scan (160 slices, each slice 512·512 voxels) was obtained in sagittal orientation, using a magnetisation prepared rapid acquisition gradient echo (MPRAGE) sequence with TR=9.7 ms, TE=4 ms, inversion time=300 ms and a voxel size of 1·0.5·0.5 mm.
Data analysis
Psychophysical data analysis
Accuracy was measured by percentage of correct responses and d¢. In signal detection theory, d¢ is a measure of the sensitivity of a subject for the discrimination of two different stimuli on a feature continuum. It can be computed based on the hit and false alarm rates of the subject. For our purposes, stimuli which were bluer or narrower than the standard were arbitrarily designated noise and redder or wider stimuli were designated signal, and responses of 1 and 2 were treated as ''no'' and ''yes'', respectively (Wickens 2001) . Response times, measured from the onset of the stimulus to activation of the response button, were also recorded. On a few trials (less than 1%), the subjects did not respond within the 1-s time window allowed. Data from those trials were excluded from the calculations.
fMRI data analysis
The functional imaging data were analysed using SPM2 (Statistical Parametric Mapping 2002), a computer programme running under Matlab (see http://www.fil.ion.ucl.ac.uk/spm/ for further details). All images were realigned and unwarped in order to eliminate motion artefacts and spatially normalised to the standard stereotactic space of Talairach and Tournoux (1988) with a bilinear interpolation method.
Smoothing was performed by a three-dimensional convolution of the functional images with an isotropic Gaussian kernel of 8 mm full width at half maximum, which accomplished the goals of increasing the signal to noise ratio and minimising the effects of individual differences in functional and gyral anatomy. Afterwards, an appropriate design matrix was specified for the pooled data of all subjects (fixed effects analysis). Changes in the BOLD signal dependent on the different experimental conditions were assessed at each voxel by using a general linear model with a boxcar waveform convolved with the haemodynamic response function and by applying the theory of Gaussian fields (Friston et al. 1995) . To make statistical inferences about regionally specific effects (i.e., assign p-values), the estimates were compared using linear contrasts. Malach et al. 1995, and Lerner et al. 2001 , for area LOC). The Talairach coordinates for area V4 ranged from ±20 to ±38 (x), -65 to -85 (y) and -4 to -24 (z), for area V4a from ±24 to ±38 (x), -44 to -62 (y) and -5 to -24 (z) and for area LOC from ±32 to ±50 (x), -52 to -86 (y) and -28 to 10 (z). By applying the method of ROI analysis, the statistical threshold is decreased for voxels within this ROI, due to the smaller absolute number of analysed voxels and the correspondingly reduced correction for multiple comparisons. Table 1 presents performance values for each subject and experimental condition. In this forced-choice task, chance performance corresponds to 50%, and the onetailed 95% confidence limit for the uncertainty condition lies at 58% correct answers. The table also shows individual d¢ values and reaction times for the six subjects. The different trials in the uncertainty condition were scored separately as colour-and shape-uncertainty trials. The magnitudes of the individual uncertainty effects are given as ratios of d¢ in the uncertainty condition to d¢ in the corresponding certainty condition. Smaller ratios indicate larger uncertainty effects.
Results
Psychophysical results
As can be seen in Although the stimulus differences to be discriminated were individually adjusted to make colour and shape discriminations equally accurate, the actual scores of three of the subjects (IV, JM, MS) are markedly lower on the colour task than on the shape task. The lower performance occurs in both certainty and uncertainty conditions and, in the latter case, none of the scores for these three subjects exceeds the 95% confidence limit for chance performance. As measured by the ratios in Table 1, the uncertainty effects for these subjects in the colour task are much larger than the effects observed for these same subjects in the shape task and larger than any of the uncertainty effects observed for the other three subjects. The reasons for these performance differences of these three subjects between the data collected in the psychophysics laboratory and in the MR scanner remain unclear.
Functional imaging results
Contrasts against rest
Because of pronounced differences in stimulation between the rest conditions and the experimental conditions, several sites of significant activation are evident in the contrasts with rest. The ROI analysis of the contrast between the colour-certainty and the rest condition revealed more activity in areas V4 and V4a as well as in area LOC. The whole brain analysis of the same contrast showed additional activation differences in posterior parietal (BAs 7 and 40), anterior cingulate (BA 32) and prefrontal cortex (BAs 9, 44, 47) , as well as in the frontal eye fields.
The ROI analysis of the contrast between the shapecertainty and the rest condition also resulted in significantly more activity in areas V4, V4a and LOC, whereas a whole brain analysis revealed results in posterior parietal (BA 40), anterior cingulate (BA 32) and prefrontal cortex (BAs 9, 44, 46, 47) and the frontal eye fields.
In order to see if there were any differences in the examined ROIs between these two contrasts, we masked them against one another. When the contrast ''colour-certainty > rest'' is masked with the contrast ''shape-certainty > rest'', there are remaining activity differences in areas V4 and V4a in the left hemisphere (see Fig. 3a ), but not in area LOC. The reverse masking ended up in more mixed results: remaining activity in area LOC (see Fig. 3c ), but also in area V4 in the right hemisphere.
The ROI analyses of the contrast between the conditions of uncertainty and rest established more activity in all previously described ROIs (V4, V4a, LOC, posterior parietal (BAs 7 and 40) and prefrontal cortex (BAs 9, 10, 46)), whereas whole brain analysis revealed additional activity in the anterior cingulate cortex (BA 32), the frontal eye fields and premotor BA 6. By masking this contrast with the two contrasts between the two certainty conditions and the rest condition, we found remaining activity differences in all the above-mentioned areas with the exception of area V4 and the frontal eye fields.
Differential contrasts
In order to test the statistical significance of the differences in activity found by the above-mentioned masking of different contrasts against rest with each other, direct comparisons between the different experimental conditions were calculated. The ROI analysis of the contrast ''colour-certainty > shape-certainty'' revealed only a very small activity difference in area V4 (see Fig. 3b ) in the left hemisphere. Additional differences in activation found in the whole brain analysis of the same contrast lie at the border between BAs 10 and 46 in the right hemisphere and in BA 32 on the anterior cingulate gyrus.
The ROI analysis of the reverse contrast gave no significant differences in cortical activity in the LOC. The whole brain analysis of the same contrast resulted in significant differences in a medial-orbitofrontal area at the border between BAs 10 and 11, in the posterior parietal cortex (precuneus) and in BA 21 on the middle temporal gyrus.
The direct comparison between the uncertainty condition on the one hand and the two certainty conditions on the other hand resulted in considerably higher activity in posterior parietal cortex (BAs 7 and 40, see Fig. 4a ), premotor BA 6 and in prefrontal cortex (BAs 9, 10, 46; see Fig. 4b ) during uncertainty.
Additional to the group analysis, all of the abovementioned differential contrasts have also been calculated separately for each subject in order to test if the large interindividual differences in performance could have cancelled out possible effects. None of the subjects showed any differences in cortical activity in V4, V4a or LOC, but in all of them more activity during uncertainty than during certainty was evident in the posterior parietal and prefrontal cortex. Due to the limited number of subjects in the study, a correlation between performance and BOLD response in the ROIs was not determined.
Discussion
An uncertainty paradigm and fMRI were used to examine the effects of nonspatial selective and divided visual attention on the sensitivity to near-threshold Table 1 Percentages of correct responses, d¢ values, reaction times (RT; standard deviations (d) given in brackets) and magnitudes of individual uncertainty effects as ratios of d¢ in the uncertainty condition to d¢ in the corresponding certainty condition [smaller ratio = larger uncertainty effect; the ratio of an ideal observer without any bias would be approximately 0.71 (Thomas and Olzak 1996) Does not exceed the 95% confidence limit for chance performance differences in colour or shape, and on cortical activation patterns evoked by perceptually nearly identical stimuli. We explored whether there are differences in cortical activity in the specialised areas V4 and LOC of human extrastriate visual cortex between selective attention to subtle changes in the colour of an object and attention to subtle changes in its shape, which are only attributable to the differential shift of attention.
Furthermore, we examined what happens when subjects have to attend to two different stimulus features simultaneously. Are the same cortical areas active as during selective attention to these stimulus features or are there differences in cortical activity that are dependent on the kind of attentional mechanism, presumably in cortical areas known to be related to attentional and working memory processes? fig. 3 a) b) colour-certainty > rest colour-certainty > shape-certainty c) shape-certainty > rest The present results point towards a modest effect of the attended stimulus feature on the neuronal activity in specialised areas of human extrastriate visual cortex. The method of masking the two contrasts of the conditions of colour-certainty and shape-certainty against the rest condition with each other revealed mixed results for the colour sensitive areas V4 and V4a (selectively higher activity in the left hemisphere during colour discriminations, nonselective activity in the right hemisphere during both certainty conditions) and relatively higher activity in shape sensitive area LOC during shape discriminations. The results of the differential contrasts between these two certainty conditions provide only little support for selective activity in V4 and no support for selective activity in the LOC under our conditions. There are different possible explanations for the fact that we did not find effects of the attended stimulus feature comparable to the earlier studies by Corbetta et al. (1990 Corbetta et al. ( , 1991 and Le et al. (1998) . One possibility is that the pronounced effects found by Le et al. (1998) are due to the large stimulus differences they used in their study and that the net effect of the direction of selective attention on the activity in specialised areas of extrastriate visual cortex is much smaller than premised. On the other hand, at least one methodological aspect might have diluted the effect of attention in our study. Changes in the baseline MR signal across the different scanning runs might have confounded the experimental effects since only one experimental condition was carried out per run. Presenting all experimental conditions within each run would have minimised the effect of these baseline shifts.
When the subjects' performances in the two certainty and the corresponding uncertainty conditions are compared, it is obvious that judgements are uniformly less accurate during uncertainty. This means that the sensitivity to near-threshold differences is much higher when subjects know in advance on which feature dimension a change will occur, so that they can direct their attention selectively to this feature, compared to when they have to divide up their attentional resources to different features of an object-an effect that has also been reported by Corbetta et al. (1990 Corbetta et al. ( , 1991 and Thomas and Olzak (1996) among others. This effect can be explained by the fact that during stimulus uncertainty, decisions are perturbed by noise effects from two sources instead of only one source as during stimulus certainty (Tanner 1956; Thomas and Olzak 1996) .
The results of the statistical analysis of the fMRI data indicate pronounced differences in cortical activity between certainty and uncertainty. Foci of higher cortical activity during the uncertainty condition mainly lie in lateral prefrontal (BAs 9, 10, 46), posterior parietal (BAs 7 and 40) and premotor areas (BA 6) that have been shown before to be essential for attentional and working memory processes (see Kanwisher and Wojciulik 2000; D'Esposito et al. 1998) . As many different studies have demonstrated, lateral prefrontal and posterior parietal areas seem to be parts of a complex fronto-parietal attention network controlling attentional modulation of neural activity. It might be inferred that the higher degree of activation during the uncertainty condition in these areas goes back to the higher level of demand on attention and working memory during stimulus uncertainty. As shown before by several other studies, posterior parietal cortex is consistently activated during spatial as well as nonspatial visual search (Coull et al. 2003) independent of the presence of distractors (Donner et al. 2003) . Furthermore, activity in the premotor and dorsolateral prefrontal cortex previously has been related to response conflict (e.g., Casey et al. 2000) , which is also more pronounced during stimulus uncertainty than during certainty, since during uncertainty there are four stimulus alternatives to choose from instead of only two alternatives as during certainty. Another possible reason for higher activity in these cortical areas is the demand for frequent changes in cognitive set during the uncertainty condition. The switching between colour and shape discriminations is quite similar to other task switching paradigms, for which higher activity in these cortical areas has been demonstrated in previous studies (e.g., Brass et al. 2003; Sohn et al. 2000) .
Taken together, the results of this study provide limited support for an effect of the direction of nonspatial selective visual attention on the activity of specialised areas of human extrastriate visual cortex. In addition to this finding, the crucial role of different lateral prefrontal and posterior parietal cortical areas for executive functions related to attention, working memory and changes in cognitive set has been confirmed by our uncertainty paradigm.
